Circadian rhythms, generated and controlled by an endogenous biological clock, are observed in a wide variety of organisms ranging from cyanobacteria to man (reviewed in ref. 1 ). These daily rhythms, which persist under constant environmental conditions, are observed at the biochemical, physiological, and behavioral levels. The essence of circadian rhythms involves the restriction of an activity to a particular time of day to coordinate biological processes with exogenous environmental cycles. This requires the regulation of genes involved in the output pathways by the circadian clock.
Lower eukaryotes provide powerful model organisms with which to study the molecular and biochemical bases of circadian rhythms. Included in this group are the fungi which harbor relatively simple circadian systems, where the clock can be studied in the absence of complex multicellular interactions. Owing to its long history of genetics and biochemistry, the circadian system of Neurospora crassa has been one of the most highly described (reviewed in refs. 2 and 3): genetic and molecular analyses have shown that frq encodes a central component of the N. crassa oscillator required for rhythmicity (reviewed in ref. 2) . In N. crassa the clock controls the timing of asexual spore (conidia) development, where in a wild-type strain grown in constant darkness, conidiation is initiated once every 22 hr.
One useful approach for understanding clock control of cellular events involves the characterization of genes that are temporally regulated by the circadian clock. Systematic screens for clock-regulated genes have now been reported in N. crassa (4) , Synechococcus (5) , and Drosophila (6) . In N. crassa, initial screens for clock-regulated genes were carried out by using subtractive hybridization of morning versus evening RNAs (4) . Two morning-specific clock-controlled genes, ccg-1 [independently identified as a glucose-repressible gene (grg-1) (7) in N. crassa (4, 8) ] and ccg-2 [later shown to be allelic to eas (9, 10) ] were identified, and transcripts were shown to cycle with periods reflecting the genotypes of the strains analyzed. Nuclear run-on experiments demonstrated that rhythmic expression of ccg-1 and eas(ccg-2) results from clock control of transcription (11) , implicating the involvement of cis-acting regulatory elements mediating temporal control. This was confirmed for the eas(ccg-2) gene through the localization of a critical positive-activating clock element that was shown to be both necessary and sufficient for clock-regulated expression (12) . Additionally, the rhythm of conidiation is unaffected in both ccg-1 and eas(ccg-2) null strains, demonstrating that both genes are true output genes (as opposed to clock genes) that do not feedback on the oscillator (8, 9) .
The commitment of N. crassa to development, a commitment regulated in part by the circadian clock, signals a substantial restructuring of the organism accompanied by major changes in the repertoire of expressed genes (13) (14) (15) (16) . In fact, all of the circadian clock-controlled genes heretofore described in N. crassa are induced during development and by light, and are believed to be involved with the conidial developmental pathway. These include eas(ccg-2), which encodes a fungal hydrophobin, a component of the hydrophobic rodlet layer of conidia important for spore dissemination (9, 10, 17) , and ccg-1, which is highly regulated during development and by light (8, 18) . External factors such as carbon source limitation, desiccation, and light, known to induce development (13) , also induce al-3 (19) and the conidiationassociated genes con-6 and con-10, all three of which seem to be circadianly regulated (14, 16, 19) . Where data are available for all five of these clock-regulated genes, regulation by light, development, or by the clock appears to be independently conferred by separate elements acting at the level of each gene (10, 12, 14, (16) (17) (18) (19) rather than through global coordinated regulation of a single factor by all three processes. This unanticipated one-to-one correspondence between circadian clock regulation and light͞developmental regulation has prompted the notion that the sole output of the N. crassa clock might be associated with the developmental pathway leading to conidiation.
While the isolation of only two ccgs in the initial screen (4) implied that few genes are regulated by the clock in N. crassa, the subsequent discovery that these genes were highly expressed suggested that clock regulation might be more prevalent. In addition, since only two phases of the circadian cycle were examined, and clock control may be more extensive at
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other times of the day, many potential rhythmic genes were likely missed (4) . For these reasons we initiated a new search for clock-controlled genes to gain a more complete understanding of the cellular processes that are temporally regulated and to see if processes other than development might be clock regulated.
In this study, time-of-day-specific cDNA libraries were generated and used in differential screens to identify six new ccgs in N. crassa. All of the ccgs display maximal transcript accumulation in the late night to early morning, and differ in overall levels, amplitude and absolute peak of accumulation. As compared with ccg-1 and eas(ccg-2) which together represent Ϸ10% of poly(A) ϩ species, the relative mRNA expression levels of the new ccgs are low. In addition, the ccgs are found not to be tightly linked, ruling out coordinate regulation of gene expression at specific chromosomal locations by the clock. Preliminary sequencing of the ends of the ccgs revealed that ccg-12 is identical to the previously cloned copper metallothionein gene (cmt) of N. crassa, not known to be involved in development. Importantly, on further examination we found that half of the new ccgs, including cmt (ccg-12), show no regulation in response to changes in light or factors that trigger development. This establishes that the N. crassa circadian clock may have substantial involvement in aspects of the life of the organism exclusive of the regulation of development.
MATERIALS AND METHODS
Strains and Growth Conditions. Strains of N. crassa used in this study include the frq ϩ strain 30-7 (bd; A), and the long period mutant 695-425 (bd; frq 7 ; A); the band (bd) mutation enhances the circadian rhythm of conidiation (20) but does not affect the clock itself. Strains for restriction fragment length polymorphism (RFLP) mapping studies were obtained from the Fungal Genetics Stock Center (FGSC) (Kansas City). Neurospora media (Vogel's or Fries) and vegetative growth conditions were as described (21, 22) . Bacterial strain XLIBlue (Stratagene) was used for all phage and plasmid manipulations as described (23) .
Culture Harvesting Conditions. For rhythmic RNA analyses, tissue was grown and synchronized by light to dark transfers as described (4) . Light and developmental induction experiments were accomplished in strain 30-7 using published methods (12) . Light treatments were carried out on cultures grown in the dark for 22 hr (CT12), a time of minimal expression for each of the ccgs.
cDNA Library Construction. Poly(A) ϩ RNA (2 g) isolated from N. crassa (24) was annealed to 0.6 g of oligo(dT)-XbaI primer-adapter (Promega) by heating the reaction to 70ЊC for 3 min, and then cooling immediately on ice. First-and secondstrand cDNA synthesis was carried out using the cDNA Synthesis System of BRL. Double-strand cDNA (ca. 250 ng) was ligated to 10 pM phosphorylated EcoRI adapters (Promega), phenol extracted, and then digested with 10 units XbaI. The cDNA was size selected using a Sephacryl S-400 spin column (Promega) and ligated to Zap II (Stratagene). The phage were then packaged in vitro using Promega's Packagene extracts and plated on Escherichia coli XL1-Blue. Growth of the recombinant phage on media containing isopropyl ␤-Dthiogalactoside and 5-bromo-4-chloro-3-indolyl ␤-D-galactoside indicated that less than 1 ϫ 10 4 plaque-forming units͞g of DNA were devoid of inserts.
Differential Screens and Plasmid Rescue. Differential screens of the time-of-day-specific cDNA libraries were accomplished by plating a total of 5 ϫ 10 4 phage on XL1-Blue in a top agar overlay, and duplicate plaque lifts (23) were hybridized to 5 ϫ 10 5 cpm of 32 P-labeled cDNA (specific activity, 5 ϫ 10 7 cpm͞g) from the same and opposite time points. Following autoradiography, the signals from the duplicate lifts were compared by visual inspection.
In vivo excision of the pBluescript plasmid containing each ccg cDNA from the ZapII vector was accomplished by recircularization of the plasmid containing the cloned insert with M13 helper phage R408 as described in the Undigested Lambda ZapII Cloning Kit (Stratagene).
Nucleic Acid Isolation and Hybridization. RNA was isolated using either a large scale method (25) or a miniprep method (26) and Northern blots were processed as described (12) . RNA loading was normalized to rRNA as indicated, which remains at constant levels under the growth conditions used (4) . Densitometric data was acquired and analyzed as described (12) .
RFLP Mapping and Sequencing. The multicent strains, comprising 38 individual progeny from a cross of Mauriceville and Oak-Ridge-derived strains were used in RFLP analysis. N. crassa genomic DNA was isolated from mycelia by the hexadecyltrimethylammonium bromide (CTA B) extraction method (27, 28) . Restriction polymorphisms were detected by Southern blot analyses (23) of digested DNAs using the individual cDNAs as probes, with the exception of ccg-8. No polymorphisms were detected for the ccg-8 gene using its corresponding cDNA probe, so a cosmid containing the ccg-8 gene (X10:3G) was identified from an ordered cosmid library (Orbach and Sachs library, FGSC) and then used as a probe. The results were compared with published updates of RFLP maps in the Fungal Genetics Newsletter (29) .
Dideoxy sequencing of the cDNA clones was initiated from the T7 and T3 sites in the in vivo excised pBluescript vector, using an Applied Biosystems Prism Dye-deoxy sequencing kit.
RESULTS
Generation of Time-of-Day-Specific cDNA Libraries. To identify genes under control of the circadian biological clock in N. crassa, time-of-day-specific cDNA libraries were constructed for use in differential screens. To enrich for the selection of the desired clock-controlled genes instead of nutritionally and developmentally regulated genes (that could fluctuate in the liquid culture conditions used to synchronize the clock), a clock mutant strain, frq 7 was used. Unlike the 22-hr period in a frq ϩ strain, the frq 7 strain has a period of 29 hr, and this mutation [a single base pair change in the FRQ protein (30) ] is specific to the circadian clock (31, 32) . In liquid cultures of frq ϩ versus frq 7 strains, the time of harvest can be chosen such that the same time in real hours in constant darkness (DD) represents different circadian times (CTs) in the two strains. (CT represents the normalization of biological time to 24 circadian hours per cycle in strains or organisms with varying periods. By convention, CT0 represents dawn and CT12 represents dusk in a 12:12 light͞dark cycle.) Thus, clock-regulated transcripts, responding to CT, will have cycled out of phase (as shown for the ccg-1 gene at DD44 in Fig. 1A) , whereas developmentally and nutritionally regulated transcripts, responding to sidereal time in culture, should remain at equivalent levels.
Poly (Fig. 1 A) . To verify that the cultures were indeed rhythmic, RNA from each time point was hybridized to eas(ccg-2) and as expected, the message peaks in accumulation between CT18 and CT0 (Fig. 1B) . Because the levels of eas(ccg-2) mRNA are not globally elevated in the frq 7 strain (data not shown), the peaks at CT18 and CT0 are clearly due to clock control. The rhythmic mRNA from each of the four times was used to construct directional cDNA libraries in ZapII (see Materials and Methods). The total number of recombinant phage particles in each of the libraries exceeds 2.5 ϫ 10 6 , indicating that each gene has a Genetics: Bell-Pedersen et al.
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As an internal control for the time-of-day-specific libraries, we analyzed the representation of both ccg-1 and eas(ccg-2) by hybridizing a minimum of 1000 plaques from each of the libraries with probes specific for both genes (Table 1) . Compatible with our rhythmic Northern blot analyses (this study and ref. 4), the ccg-1 cDNA is most prevalent in the CT0 library, and the eas(ccg-2) cDNA is most prevalent in the CT18 and CT0 libraries. Additionally, we found ccg-1 and eas(ccg-2) to be abundantly represented in the libraries, comprising 8.5% of the CT0 cDNAs and 2.8% of the CT18 cDNAs, respectively.
Identification of Clock-Controlled Genes by Differential Screens of the Time-of-Day-Specific Libraries. To identify clock-regulated genes, differential screens were performed with the cDNA libraries representing opposite phases of the circadian day. The screens were designed to identify messages specific to early morning (CT0 versus CT12), midday (CT6 versus CT18), early evening (CT12 versus CT0), and midnight (CT18 versus CT6).
Approximately 5 ϫ 10 4 phage from each library were hybridized to labeled cDNA from the same and opposite time points. Twenty eight plaques (out of Ϸ40,000 visualized signals) found to hybridize to cDNA of the same phase, but not the opposite phase, were chosen as candidate ccgs. Sixteen of these were shown by hybridization to be re-isolates of ccg-1 and eas(ccg-2) (providing a convincing internal control) while the other 12 clones (4-CT0, 1-CT6, 2-CT12, 5-CT18) represented candidate ccgs. When the candidate ccgs were hybridized to RNA from four different times of day (data not shown), hybridization signals were not detected for two clones, two did not display any apparent clock regulation, and one clone (ccg-6) was represented three times (as determined by preliminary sequencing of the ends of the remaining candidate cDNAs). In all, six new candidate ccgs emerged from this screen.
To confirm the circadian nature of the regulation of these genes, the six candidate ccgs were examined further by hybridization to RNA from both frq ϩ and frq 7 cultures. Tissue was grown in constant darkness and harvested for RNA isolation every 4 hr over 2 consecutive days. A representative experiment is shown in Fig. 2 for the ccg-4 gene. In the frq ϩ strain (Fig. 2 A) , the mRNA cycles and accumulates to peak levels at DD12 (CT1) in the first cycle and DD32-DD36 (CT0-4) in the second cycle with a wild-type period of about 22 hr. A similar rhythm is observed in the frq 7 strain where the period is Ϸ29 hr (Fig. 2B) . As predicted for a clock-regulated gene, the message cycles in both frq ϩ and frq 7 , with a period that is consistent with the genotype of the strain. This is particularly evident at DD36, where the mRNA levels are 180Њ out of phase in the two strains (Fig. 2C) . Similar analyses were conducted on the other candidate genes, and the results of hybridizations to RNA from the frq 7 strain are shown in Fig. 3 . In these experiments, the same RNA (with the exception of ccg-4) is probed with each of the ccgs, and eas(ccg-2) is used as an internal control. Although each gene hybridizes to an mRNA displaying an oscillation with a period of Ϸ29 hr, distinct differences in individual patterns of regulation are evident. Percentages are derived from the number of positive hybridization signals͞total number of plaques probed.
Transcript size, relative abundance, average peak of mRNA accumulation, and amplitude of the rhythm for each gene are summarized in Table 2 . All of the genes show peak transcript accumulation around the late night (CT18-23) to early morning (CT0-5), ranging from CT18 (for ccg-12) to CT5 (for ccg-4); none peak in the late day (CT6-11) or early evening (CT12-17).
ccg-7, -8, and -12 Are Likely to be Involved in Clock-Output Pathways Distinct from Conidiation. To begin to characterize the ccgs, the ends of the cDNA clones were sequenced. Comparisons of partial cDNA sequence for the ccg-12 gene (data not shown) in the data bases reveals that ccg-12 is identical to the previously cloned cmt gene of N. crassa (34) encoding copper metallothionein (CuMT). CuMT (26 aa) is multifunctional, having a role in copper storage, detoxification, and metal transfer to copper containing proteins. RNA abundance levels of the cmt gene are regulated not only by the clock (these studies), but expression is also induced by copper ions, with maximal accumulation occurring 1 hr after the addition of copper ions to the growth media (34) . Based on all previous studies of N. crassa clock-regulated genes, we anticipated that the new ccgs would be directly involved in conidiation; however, the finding that ccg-12 encodes CuMT suggested otherwise, as no role for CuMT in conidiation has been reported. This prompted us to examine the transcripts from the ccgs for induction after conidiation is initiated (Fig. 4A) .
The expression patterns of ccg-4, -6, and -9 during conidial development are very similar to conidiation-specific genes (35) , with each transcript accumulating to high levels about 4 hr after development is initiated by desiccation in constant light. In contrast, the abundance of the cmt(ccg-12) transcript remains unchanged, while both ccg-7 and ccg-8 show slightly higher levels of mRNA in undifferentiated vegetative hyphae (mycelia) ( Fig. 4A; time 0) .
Genes that are regulated during conidiation in N. crassa are in most, if not all, cases induced by light. Therefore, we also assayed the effects of light on transcript levels for the ccgs (Fig.  4B) . Consistent with dual light and developmental control, the ccg-4 and ccg-6 mRNAs accumulate to higher levels after a light treatment at CT12 for 30 min (L30) as compared with the dark control (D30), and ccg-9 mRNA accumulates to maximal levels after a 1-hr light treatment (L60). However, transcripts from ccg-7, -8, or -12 do not display any light responsiveness at the times examined. In N. crassa, a light treatment at CT12 causes about a 2-hr phase delay (36); however, this delay cannot explain the observed light induction of the ccgs for two reasons. First, the response is rapid and not sustained over the short length of time examined. Second, the response to light varies for ccgs that peak at approximately the same time of day. In both experiments, the ccg-4 transcript is found to be present at very low levels as compared with previous experiments (Figs. 2 and 3) , suggesting that ccg-4 expression may be sensitive to the differences in growth media or the developmental age in the different experimental protocols (see Materials and Methods). In addition, while only one transcript is observed for the ccg-6 gene in the rhythmic Northern blot (Fig.   FIG. 3 . Rhythmic transcript accumulation of the ccgs in the frq 7 (29-hr period) strain. RNA was isolated from the frq 7 mutant strain at the indicated times (Hours DD) representing the approximate CTs shown at the top of the autoradiograms, and hybridized to RNA probes specific for each ccg (shown at left). Equivalent loading of RNA was verified by hybridization to rRNA. Exposure times of the autoradiograms are varied for visualization. 
*Transcript sizes were determined by comparison to known molecular weight markers. † Transcript abundance was roughly estimated from exposure times required to obtain a signal equivalent to the eas(ccg-2) transcript. ‡ The average peak of transcript abundance was determined from densitometry of the RNA levels over the times analyzed from Fig. 3 . The peak in message accumulation will vary slightly in different experiments. § The amplitude of the rhythm was calculated from the data in Fig. 3 using densitometry, and is reported as half the maximal distance between the inflection levels.
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Proc. Natl. Acad. Sci. USA 93 (1996) 13099 3), two transcripts are observed here, and are shown to be similarly regulated during conidiation and after light treatment. These patterns are consistent with the complex regulation seen previously in the light, developmentally, and clockregulated genes. The Clock-Regulated Genes Are Not Chromosomally Clustered. The genomic locations of the six new ccgs were determined by RFLP mapping. DNA from a set of 38 progeny from a single reference cross (N. crassa Oak-Ridge-derived strain FGSC 4411 ϫ Mauriceville FGSC 2225) containing numerous polymorphisms (22) were digested with restriction enzymes previously found to generate distinctive band patterns in DNA isolated from the two parental strains (data not shown). Following hybridization of specific ccg probes to the restriction enzyme-digested DNA from the 38 progeny, the restriction patterns were compared with a table of known segregation markers (29) , and the relative genetic locations of each ccg were determined. These map locations are shown in Fig. 5 . Coordinate gene regulation by the clock based on chromosomal position is not indicated since the eight confirmed ccgs map to five of N. crassa's seven chromosomes, with none of the genes being closely linked.
DISCUSSION
Six new circadian clock-controlled genes have been isolated using differential screens of time-of-day-specific cDNA libraries. Interestingly, all peak in the late night to early morning, although they vary in overall expression levels and amplitude of the rhythm (Table 2 ). In addition, we find that the ccgs map throughout the genome, suggesting that clock control of gene expression is not accomplished by clustering genes at specific chromosomal locations. Preliminary sequencing of the cDNAs reveals that ccg-12 is identical to N. crassa cmt, encoding CuMT. The lack of evidence for an involvement for cmt in conidiation prompted us to investigate the regulation of the new ccgs during asexual spore development. Three of the ccgs (ccg-4, -6, and -9) are shown to be induced during conidial development and by light; however, cmt(ccg-12) as well as ccg-7 and -8 are not. Thus, three of the six new ccgs identified here display similar yet distinctly novel regulation as compared with all of the other known ccgs.
While nothing in the design of our screen for ccgs precluded the selection of afternoon-or evening-specific genes, attempts to identify them were unsuccessful. This is interesting in view of the fact that conidiation is initiated in the late night to early morning, and our selection of late night-to morning-specific genes initially appeared consistent with the possibility that the sole purpose of the clock in N. crassa is to control the timing of conidiation. However, our finding that ccg-12 encodes CuMT, a protein not known to have a role in development, and the demonstration that not all of the ccgs are induced during conidiation or by light, points to control of other, as of yet undescribed, output pathways by the circadian clock. Although our screen did not approach saturation [as evidenced by the repeated isolation of only one of the new genes and the lack of selection of the inabundant, rhythmically expressed frq gene (38) ], evening-specific genes appear to be either absent, in low abundance, or expressed at levels too low to be detected in this screen.
Interestingly, the time of maximal accumulation of the N. crassa clock-regulated transcripts coincides to some degree with peak expression of the clock gene frq (CT0-6) (38) . Similar relationships were observed in Drosophila, where a majority of oscillating transcripts showed elevated levels after lights off (6) , around the same time as the peak in cyclic clock proteins PER and TIM (39, 40) . The overlapping phases might suggest the possibility of a direct involvement of the clock gene products in controlling rhythmic activity of the output genes, although transcriptional regulation by neither FRQ in N. crassa nor PER and TIM in Drosophila has yet been demonstrated directly. These findings might also suggest a common factor controlling rhythmicity of clock genes and clockcontrolled genes. However, the phase of the rhythm (i.e., the time of peak expression) differs in the ccgs, so it is likely either that the transcripts have different half-lives, or are controlled by distinct regulatory factors or phasing factors that interact with a common element to manifest the rhythm. Together, these results suggest that diverse regulatory pathways exist in N. crassa to control rhythmic output from the clock.
The fact that the circadian clock can control the timing of conidiation implies that many clock-regulated genes in N. crassa will have a role in conidial development. This is clearly the case for eas(ccg-2) (9, 10), and is inferred for ccg-1 (8) . Notably, we found that ccg-1 and eas(ccg-2) mRNA's together represent about 10% of the total morning-specific poly(A) ϩ population. This level of expression was particularly of interest for ccg-1 as no detectable growth phenotype is observed in a ccg-1 null mutant strain (8) . In addition, three other genes in N. crassa have in recent years been shown to be regulated during conidial development, by light, and likely by the circadian clock. These include al-3, encoding geranylgeranyl pyrophosphate synthase, essential for the biosynthesis of carotenoids (19) , and two genes of unknown function, con-6 and con-10, both of which were isolated as a result of their increased expression during conidiation (14) . Based on these findings, it is expected that three of the clock-regulated genes (ccg-4, -6, and -9) isolated here and found to be both developmentally regulated and photoinducible, will be involved in conidiation.
The extent of clock-control of gene expression in N. crassa appears to be limited to less than 10% of the genome based on this screen, previous screens (4), and by routine examination of genes in the laboratory (unpublished data). This is similar to what has been reported in Drosophila, where roughly 8% of 261 head-specific cDNA clones examined hybridized to an oscillating mRNA with a greater than 2-fold amplitude in a 12 hr light͞dark cycle (6) . Together, these findings are in dramatic contrast to the apparent global control of gene expression by the clock observed in the cyanobacterium Synechococcus (5), suggesting that in eukaryotes comprehensive regulation of gene expression by the oscillator is not a general phenomenon.
Studies of circadian-regulated gene expression, both at the transcriptional and translational levels, in diverse organisms are beginning to identify important metabolic pathways regulated by the circadian clock. In many organisms, control of gene expression by the clock includes both day-and nightspecific regulation (reviewed in refs. [41] [42] [43] [44] . However, of these genes, only the clock-regulated genes of N. crassa and Drosophila have been identified in an organism where a component of the circadian oscillator has been well characterized, and thus, can ultimately be placed in a genetic pathway from the clock to the rhythmic output genes.
N. crassa, an organism that has been well defined both biochemically and genetically, now provides a rich source of eukaryotic genes known to be under control of the circadian clock. The systematic isolation and characterization of clockcontrolled genes provides the framework for future studies aimed at detailing the pathways and molecular components involved in the conveyance of temporal information from the clock to rhythmic cellular processes. Together, these analyses will provide an entrée to understanding the mechanisms by which circadian regulation of gene expression is accomplished. In the long term, this will enable comparisons among the components necessary to achieve clock-mediated rhythmic gene expression in N. crassa and other eukaryotes.
